[1] Observations from in situ aircraft and output from a global chemical transport model are used to better understand the impact of Northern Hemisphere summer monsoon circulations on stratosphere-troposphere exchange. A long-term model climatology resembles the satellite climatology of water vapor and ozone in the monsoon regions. A simulation with observed winds is able to reproduce individual transport events observed from aircraft, and these events are used to infer that large-scale motions and monsoon circulations can explain the global correlations of ozone and water vapor around the tropopause. A detailed analysis of model fluxes of water vapor and ozone indicates that the Asian monsoon circulation may contribute 75% of the total net upward water vapor flux in the tropics at tropopause levels from July to September. Some of this air may enter the tropical stratosphere and bypass the tropical tropopause altogether.
Introduction
[2] Monsoon circulations, particularly those in Northern Hemisphere (boreal) summer, strongly affect the general circulation [Webster et al., 1998 ]. The ''monsoons'' are continental-and seasonal-scale sea breeze circulations. The south Asian and North American summer monsoons are deep circulations, with closed anticyclones extending up to at least 70 hPa in the stratosphere in July and perhaps higher [Dunkerton, 1995] . The two monsoon circulations are different in magnitude, horizontal extent and depth, but similar in their forcing (a high-altitude land mass of the Himalayan or Colorado plateau to the north, and warm ocean regions of the Bay of Bengal or the Gulf of Mexico to the south). These deep circulations may have a significant impact on stratosphere-troposphere exchange, and on the entry of air into the stratosphere.
[3] Because the annual cycle of tropopause layer temperatures is warmer in Northern Hemisphere summer than winter [Yulaeva et al., 1994] , most recent work has been focused on understanding tropical stratosphere-troposphere exchange in Northern Hemisphere winter, when temperatures are cold . However, Smith et al. [2000] recently noted that observed trends in water vapor in the lower stratosphere during the mid-1990s differ seasonally, and that water vapor changes were most positive in Northern Hemisphere fall. This highlights the importance of the boreal summer and fall seasons for understanding water vapor trends in the lower stratosphere.
[4] The Asian and North American monsoons may have distinct effects on the upper troposphere and lower stratosphere. Randel et al. [2001] noted that while similarly high water vapor associated with both Asian and American monsoon circulations ($5 parts per million by volume or ppmv), ozone concentrations over the Indian subcontinent and Southeast Asia in July -September ($100 parts per billion by volume or ppbv) are far lower than over North America ($250 ppbv) .
[5] This study investigates the Northern Hemisphere summertime upper troposphere and lower stratosphere, in an attempt to better understand the impact of the monsoon circulations on the exchange of air between the troposphere and the stratosphere. A global chemical transport model driven by observed winds is used, and described in section 2. The model distribution and transport of constituents is validated with in situ aircraft observations in the subtropics near the North American monsoon in section 3. Section 4 will extend this analysis using the global model to explain the observed correlations between ozone and water vapor in the monsoon regions and why they differ between the two major monsoon regions in Asia and North America. The model is also used in used in section 4 to illustrate that monsoon circulations may transport air directly from the troposphere into the tropical stratosphere, bypassing the tropical cold point tropopause. Conclusions are in section 5.
Methodology

Model
[6] In this study we use the Model for Ozone and Related Chemical Tracers, version 3 (MOZART3) . This model is an extension of the tropospheric version of MOZART described by Horowitz et al. [2003] . The chemistry in the MOZART3 model includes the representation of 50 species important in the upper troposphere and lower stratosphere [Park et al., 2004] . Surface boundary conditions for CH 4 , N 2 O, CO 2 , CH 3 Cl, CCl 4 , CH 3 CCH 3 , CFCl 3 , CF 2 Cl 2 , CFC-113, HCFC-22, CH 3 Cl, CH 3 Br, CF 3 Br, and CF 2 ClBr are based on observations. The model accounts for surface emissions of NO x , and CO on the basis of the emission inventories described by Horowitz et al. [2003] . The NO x source from lightning is distributed according to the location of convective clouds on the basis of Price et al. [1997] with a vertical profile following Pickering et al. [1998] . Aircraft emissions of NO x and CO are included in the model on the basis of Friedl [1997] . A lightning source of nitrogen oxides keyed to convection, and climatological emissions from biomass burning, along with other surface source gas emissions are based on a climatology from Horowitz et al. [2003] .
[7] The model uses the Model of Atmospheric Transport and Chemistry (MATCH) framework described by Rasch et al. [1997] . MATCH includes representations of advection, deep and shallow convection, boundary layer mixing, and wet and dry deposition. Advection of tracers is performed following Lin and Rood [1996] . Versions of the MOZART model have been recently used by Park et al. [2004] to analyze methane, water vapor and nitrogen oxides near the tropical tropopause, by Horowitz et al. [2003] to estimate global ozone fluxes and by Sassi et al. [2004] to understand the impact of El Niño on the middle atmosphere.
[8] The model is used in an off-line mode, driven by winds and temperatures from two different sources. The first source is output from a 22-year run of the National Center for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model version 1b (WACCM1b). WACCM1b is a general circulation model (GCM) with a fully resolved stratosphere. The run with GCM output uses observed sea surface temperatures and observed greenhouse source gases (i.e., CO 2 , CH 4 , N 2 O, for the period of 1979 -2000. High-frequency (every 6 hours) meteorological output (e.g., U, V, T) is obtained from this simulation and used to drive the MOZART3 CTM. The MOZART3 CTM also is integrated over this period, trending the 14 long-lived gases (described above) from observations. Surface source emissions of CO and NO x are fixed climatologies. The second source of winds and temperatures to drive the MOZART CTM is analyses from the European Centre for Medium-Range Weather Forecasts (ECMWF) for the 2002 calendar year, with similar surface initializations.
[9] Model resolution for the ECMWF 2002 simulation is $1.8 degrees in the horizontal and $750 m vertically in the upper troposphere. For the climatological 22-year run, it is $2.8 degrees in the horizontal and $1100 m vertically in the upper troposphere.
Observations
[10] This study uses observations of water vapor and ozone from satellites for a global climatology. Water vapor data are from the Halogen Occultation Experiment (HALOE) on the Upper Atmosphere Research Satellite (UARS) from 1992 to 2002, based on the updated climatology described by Randel et al. [1999] . Ozone observations come from the Stratospheric Aerosol and Gas Experiment II (SAGE II) described by McCormick et al. [1989] .
[11] In addition, a detailed and specific picture is provided by in situ aircraft observations of chemical tracers (chiefly water vapor and ozone) taken during the Cirrus Regional Study of Tropical Anvils and Cirrus LayersFlorida Area Cirrus Experiment (CRYSTAL-FACE) which took place over Florida in June-July 2002. Because our study is concentrated in the upper troposphere and lower stratosphere, data comes from the NASA WB57 aircraft which was tasked during the campaign with conducting in situ sampling in the upper troposphere and lower stratosphere. Measurements of ozone [Proffitt and McLaughlin, 1983] , carbon monoxide [Podolske and Loewenstein, 1993] and water vapor [Weinstock et al., 1994] are used in this study. More information is available from the CRYSTAL-FACE web site (http://cloud1.arc.nasa.gov/ crystalface/). In particular, we will focus on several different events during the mission, including anomalous ozone concentrations observed on 9 July 2002. The characteristics of this flight and others have been recently examined in detail by Richard et al. [2003] and Ray et al. [2004] . The model is used to extend the analysis performed by these authors.
Model Evaluation
[12] We begin with an analysis of observed and modeled climatology of ozone and water vapor for boreal summer, and then proceed on to a detailed analysis of specific transport events. First, we show maps of ozone and water vapor climatologies near 100 hPa from observations and the model.
Climatology
[13] Figure 1 illustrates a climatology of water vapor from HALOE at 100 hPa ( Figure 1a ) and ozone from SAGE at 95 hPa (Figure 1b ). Water vapor (Figure 1a ) peaks ($5.25 parts per million by volume or ppmv) just to the northwest of the Indian subcontinent near 30°N, and has a second smaller peak ($4.5 ppmv) centered over northern Mexico at 20°-30°N. These peaks are consistent with transport of tropospheric air with high water vapor to these altitudes, and correspond with the Asian and American monsoon anticyclones respectively [Dunkerton, 1995] . The maxima are also clear in isentropic coordinates, extending further northward as the isentropes slope downward toward the poles (not shown). Water vapor has a minimum just south of the equator in the central and western Pacific, and again in the midlatitudes of the Southern Hemisphere.
[14] Ozone (Figure 1b) , has a distinct minimum (<40 ppbv) over Nepal at 95 hPa. High water vapor and low ozone are consistent with transport of near surface air in deep convective systems. However, there is little evidence of any monsoon transport of low ozone values up to 95 hPa over North America. One hypothesis is that surface ozone is higher over North America than over Asia and therefore if convection is bringing large amounts of surface air into the upper troposphere and lower stratosphere, ozone will be higher over North America. However, mean ozone mixing ratios are generally greater than 200 parts per billion by volume (ppbv), much higher than near surface ozone.
[15] These observations are compared to a climatology from the 22-year run of the MOZART CTM. Figure 2a illustrates that the model also produces two water vapor maxima over Asia and North America in July. The color scale for water vapor has been shifted by 0.5 ppmv relative to Figure 1a because the model is wetter than observations. Representative values of water vapor near the maxima are about 7.0 ppmv (5.25 ppmv) for the model (observations) over Asia and 6 ppmv (4.5 ppmv) over North America. In both the model and observations, water vapor over south Asia is $20% higher than over North America. A water vapor minimum below 4 ppmv is also found along the equator in the central and western Pacific. Simulated ozone (Figure 2b ) at 100 hPa also features low ozone over south Asia (<120 ppbv) and higher ozone (>200 ppbv) over North America. Both the model and observations produce an ozone minimum in the tropics south of the equator, and a planetary wave like structure with high ozone over the subtropical and midlatitude Pacific, and lower ozone over western North America. Ridging is more prominent in the model than observations.
[16] The zonal mean climatological water vapor distribution in the stratosphere is examined at the end of the summer monsoon season (September) in Figure 3 for the 22-year MOZART model run ( Figure 3a ) and the observed HALOE climatology (Figure 3b) . Park et al. [2004] have noted that the simulation used here has a reasonable annual cycle of water vapor in the lower stratosphere. In the model, there is a clear signature of high water vapor in the troposphere, with additional high water vapor amounts in the Northern Hemisphere reaching well up to 66 hPa, and of over 5 ppmv at the 400-K potential temperature surface. The situation is not as clear in the HALOE observations for September ( Figure 3b ). Observations show only slightly enhanced water vapor up to the 400-K potential temperature Figure 1 . Climatology of (a) water vapor from HALOE at 100 hPa and (b) ozone from SAGE at 95 hPa. surface at 30°N. Regional averaged plots indicate that the strongest effect in both the simulation and observations is seen over the Asian monsoon. In the simulation, monthly mean plots indicate that the high values of water vapor populate the deep tropics in November and December, and water vapor concentrations at the tropical tropopause begin to drop in December. By this time the higher water vapor concentrations in the simulation are spread throughout the [Mote et al., 1996] in stratospheric water vapor.
[17] One hypothesis is that water vapor transport occurs from the surface because of convection in both North America and south Asia. The Asian monsoon circulation is higher and deeper [Dunkerton, 1995] . The isolation of the south Asian monsoon anticyclone prevents mixing within the core of the monsoon at upper levels, leading to low ozone and high water vapor. Furthermore, over North America there is more significant mixing of convective air masses with stratospheric intrusions containing high ozone during local summer. The deeper circulation over Asia more strongly affects the stratosphere.
[18] In order to validate this hypothesis, particularly for the complex transport regime over North America, we will turn to a detailed analysis of a particular time period, when MOZART CTM simulations can be closely tied to observations. We show that in addition to the fidelity to the climatology illustrated for long-term runs in Figure 2 , the CTM in a simulation driven with analyzed winds and temperatures can reproduce observations taken at specific locations and times. Then we can use the MOZART CTM to search for the sources of observed air, which helps to validate the hypothesis just presented.
Specific Events
[19] For comparisons we focus on a particular day of observations during the CRYSTAL-FACE mission. Richard et al. [2003] have recently discussed the flow regime during July 2002 over eastern North America, and shown strong northerly flow from Canada down across the eastern United States. Richard et al. [2003] cite this as the reason for anomalous ozone ''tongues'' observed during CRYSTAL-FACE. In Figure 4 we show the CRYSTAL-FACE observations of ozone from the flight on 9 July 2002, which originated out of Key West, Florida, and headed south ( Figure 5 ). For comparison, ozone has also been interpolated from the MOZART simulation using ECMWF winds to the locations of the aircraft observations. To provide a better sampling of the model domain and an estimate of sensitivity to possible strong gradients,the model is sampled at 5 points; the observation location and 4 points ±4 degrees of latitude and longitude in each direction ($2 model grid cells). In Figure 4 , it is clear that the model is able to reproduce the basic large-scale structure of relatively high ozone over the Gulf of Mexico between the 350-K and 400-K isentropic surfaces. In particular, there is very good agreement between the simulation and observations in both the absolute value of ozone and its shape.
[20] A stricter test of the fidelity of the model simulation is its ability to reproduce tracer-tracer correlations. Figure 6 illustrates the observed water vapor and ozone correlations with the same correlations from the MOZART simulation, interpolated to the location of the observations (and local points around them). For ozone and water vapor, we expect different compact correlation relationships in the troposphere and stratosphere [Ray et al., 2004] . In the stratosphere we expect ozone above 200 ppbv with low (<6 ppmv) water vapor, and increasing ozone with height. In the troposphere, we expect high water vapor, and low ozone (<100 ppbv). Such a situation exists for example, on air sampled over Florida on 21 July, illustrated in Figure 7 (the flight track for this flight is also illustrated in Figure 5 ). With the exception of low simulated water vapor for a portion of the track, the correspondence of the correlation curves between the model (Figure 7a the water vapor concentration). If this is high-latitude air, as indicated by the meteorological situation [Richard et al., 2003 ] and trajectory analysis [Ray et al., 2004] , then this air up to 380 -390 K has higher water vapor than expected. We investigate the source of this water vapor below.
[21] Figure 8 illustrates the simulated water vapor and ozone fields at 113 hPa averaged for 9 July 2002. The 113-hPa surface is approximately the 380-K potential temperature surface. Here, high water vapor (up to 12 ppmv) is colocated with high ozone over Florida and the Gulf of Mexico. The high values extend off the Atlantic coast of North America. The high water vapor and ozone are located in the stratosphere, north of the tropopause, which is indicated in Figure 8 by the gray line as a contour of potential vorticity (2 PVU where 1 PVU 1 Kg À1 m 2 s À1 ). The PV tropopause reveals a filament of tropical air (associated with a folded tropopause structure) in the eastern Pacific, extending onshore into the western United States, and characterized by low ozone (<200 ppbv) and low water vapor.
[22] The origin of the high-ozone air on 9 July can be traced by following the structures back in time in the model. Daily maps such as those in Figure 8 show that high water vapor is injected into a stratospheric air mass over eastern Canada at 50°N, on 1 -2 July. This injection is graphically illustrated by water vapor fluxes in Figure 9 . In Figure 9a , the model net convective flux across 228 hPa (approximately the tropopause level at 50°N) is shown by latitude, averaged over North America. About 10 days prior to 9 July (indicated by the origin of the arrow in Figure 9 ), there is an upward convective flux of water vapor at 50°N, along with an additional vertical flux of water vapor from the model advection scheme (Figure 9b ). This flux is also associated with southward meridional motion (Figure 9c ). The upward water vapor flux can also be seen up to 95 hPa, with values of 10 ppmv at 95 hPa occurring at 50°N (not shown). [23] Water vapor associated with this event in Figure 8 does not appear on subsequent days to enter the tropics directly, but seems to remain on the poleward side of the tropopause, even up to 100 hPa. This event happens to be the most significant seen in the CRYSTAL-FACE observations over North America, and is also the most significant event in the simulation during June -August ( Figure 9 ). [24] This flux is partially convective, and partially in the simulated vertical fluxes. Convection in the simulation tails off rapidly above the tropopause. However, some of the vertical fluxes are also convective. The ECMWF analyses are implying more vertical motion than the model convection, and likely some of it is partitioned as a vertical mass flux, not as a convective flux.
[25] Ray et al. [2004] and Richard et al. [2003] have illustrated in detail using other tracers available during CRYSTAL-FACE that the source of this air is indeed convection at high latitudes. In particular, Ray et al. [2004] note that it is likely that the air can be traced back to boreal forest fires in eastern Canada. Figure 10 illustrates the observed and simulated carbon monoxide, a tracer of surface combustion processes, for the flight of 9 July. The location of the high-ozone tongue in Figure 4 is from 16-17 and 19.5 -20 UTC of the flight, corresponding to the observed CO spikes and indicating high-ozone air associated with high water vapor and high CO. The model variability of CO is much less than observations, though large-scale variations in simulated CO are well correlated with observations if they are smoothed to approximately model resolution ($200 km). The model should not be expected to fully reproduce the range of CO observations, because individual source events such as specific fires are not present in the model, which instead has climatological mean sources. These fire events are an important possible source for the high CO found on this flight [Ray et al., 2004] .
[26] We have performed a similar analysis over the south Asia region. An examination of daily maps (similar to Figure 8 ) and meridional fluxes (similar to Figure 9c ) for August to September 2002 indicates that high-ozone, highwater-vapor events from high latitudes to low latitudes are not seen over south Asia during this time period. Highlatitude air generally stays well north of the tropopause, which is located further north at the same altitudes as over North America. The result is the climatological picture from Figures 1 and 2. Higher ozone is found over North America, but with similar water vapor. Over Asia, ozone and water vapor have the same source, near surface air. Over North America, it appears that continental convection injects water vapor in the simulation well into the stratosphere, where it is advected to lower altitudes. Ray et al. [2004] have analyzed the observations from CRYSTAL-FACE and found that $15% of the air along the flight track for 9 July between the 380-K and 390-K potential temperature surfaces is tropospheric air.
[27] Thus the O 3 -H 2 O correlations between the monsoon circulations are different because of a different origin of air masses, and different configurations of the boreal summer general circulation in the lowermost stratosphere. Over south Asia, the monsoon anticyclone isolates air within it, which is evident on the basis of streamlines [Dunkerton, 1995] or trajectory analyses (K. P. Bowman, personal communication, 2004) . Over North America, the monsoon circulation is centered over the American Southwest and northern Mexico, and is not as isolated or as big. Significant quantities of high-latitude air move southward over eastern North America, and water vapor is added to this air mass by convection. A simple linear mixture of tropospheric air with low ozone and high water vapor, and stratospheric air with high ozone and low water vapor, can generate the anomalous correlations in Figure 6a . In the simulation, mixing air at the 420-K potential temperature surface (600-700-ppbv O 3 and 3-ppmv H 2 O) with air from 340 K or below (100-ppbv O 3 and 50-ppmv H 2 O) can generate the correlations. A similar result holds for the observations (Figure 6b ), though potential temperatures below 350 K were not observed during cruise legs of the flight.
Simulated STE
[28] The simulations can also be used to better understand the exchange of air between the stratosphere and the troposphere during boreal summer. Given the fidelity of the model to observations illustrated in the previous section both on a climatological basis (Figures 1 -3) as well as for detailed events (Figures 4 -10) , there is some confidence in examining the fluxes in the model where we do not have any observations, and drawing conclusions from these fluxes. For 2002, fluxes of ozone and water vapor from the simulation were totaled daily, and saved on the 3 dimensional model grid. The results indicate the model fluxes can reproduce many of the main known features of the annual cycle of stratosphere troposphere exchange, and allow a detailed look at the boreal summer season, particularly where observations do not exist.
[29] Several climatological features are illustrated in Figure 11 . Figure 11a the maritime continent (Indonesia), noted previously in observations [Sherwood, 2000] and simulations Hatsushika and Yamazaki, 2003] . Hatsushika and Yamazaki [2003] , on the basis of GCM simulations, explain this downward flux as isentropic flow over downward pressure sloping isentropes, with reduction of longwave heating from deep convective anvils suppressing upward motion.
[30] During July -September ( Figure 11b ) the situation is vastly different. The largest fluxes of water vapor at 80 hPa are over Asia and the western Pacific, extending from South Asia to the dateline, at about 15°N. There are also significant upward fluxes of water vapor over eastern North America, and over the Atlantic at 20°N or so, consistent with the fluxes described in detail in the previous section. The two panels in Figure 11 echo the idea given by Dunkerton [1995] that the summer monsoon circulations in each hemisphere are not mirror images of each other. This is an important point since most observations have been concentrated in Northern Hemisphere winter, analyzing the situation in Figure 11a only.
[31] A qualitatively identical picture is evident for simulated ozone fluxes (not shown) in each season, but with correspondingly lower magnitude of the fluxes (due to ozone concentrations 1 -2 orders of magnitude lower than water vapor).
[32] The total annual cross tropopause ozone flux is illustrated schematically in Figure 12 . The flux is reported across pressure and latitude surfaces. The overall total flux of ozone into the troposphere of 863 Tg/yr is not strongly sensitive to the pressure surface or the latitude of the tropopause break chosen. The total flux of ozone across the tropopause is almost a factor of 2 higher than most estimates [Horowitz et al., 2003] , and nearly twice as large as the estimate from Horowitz et al. [2003] using the MOZART model and similar general circulation model winds to the WACCM winds used here (ozone fluxes were not available from the WACCM run). The discrepancy is likely due to spurious vertical transport in the ECMWF analysis system. This may occur because of slight systematic errors in the model physics relative to observations, resulting in spurious stratosphere-troposphere exchange [Gettelman and Sobel, 2000] .
[33] However, Figure 13 indicates that the annual cycle of the ozone fluxes in each hemisphere (summing the meridional flux across the tropopause break) is coherent and reasonable, even if the magnitude of the total flux is high. The net ozone flux into the troposphere has a broad peak in each hemisphere from late winter to spring, and a consistent, small net downward flux in the tropics. Observations and other models indicate a larger ozone flux in the Northern Hemisphere [Horowitz et al., 2003] , though in the MOZART simulation with ECMWF winds the fluxes are nearly equal between hemispheres. On balance, the model driven by ECMWF winds broadly reproduces the annual cycle of ozone fluxes in the troposphere, with some differences in magnitude which may be due to the nature of the analysis system. It is a good basis, however, on which to look at fluxes in more detail.
[34] Figure 14 illustrates the monthly total meridional flux of water vapor at 10°S (Figure 14a ) and 10°N (Figure 14b ) for four zonal regions of the tropics averaged for the upper troposphere below the tropical tropopause (256-113 hPa). These meridional fluxes represent air that is entering or leaving the ''deep'' tropics, and reveals details of the upward branch of the Hadley circulation, the mean meridional overturning circulation in the troposphere. The four zonal regions illustrated are as follows: the Atlantic region (ATL: 330°-60°longitude), the Indian Ocean and Asian region (IND: 60°-150°) the central Pacific (PAC: 150°-240°) and the American region (AMR: 240°-330°).
[35] Below the tropopause in the Southern Hemisphere (Figure 14a ) there is a negative net meridional flux (toward the South Pole) all year round over the Atlantic and Indian regions. The net meridional fluxes are positive (equatorward in the Southern Hemisphere) in the Pacific and American sectors in boreal winter, consistent with the overturning branch of the Hadley cell. In the Northern Hemisphere (Figure 14b ) fluxes are equatorward in the Indian and American regions in boreal summer.
[36] Following Dunkerton [1995] , a local Hadley circulation can be defined in terms of the meridional motion averaged over a wide enough range of longitudes to encompass the rotational circulations associated with each of the major monsoon regions. These rotational circulations cancel when the (partial) zonal average is taken. It is mainly for this reason that we find (in several of the individual regions) a large, seasonally varying interhemispheric flux of water vapor in the upper troposphere (256-113 hPa) in the range of altitudes where the Hadley circulation outflow maximizes.
[37] The situation is different in the lower stratosphere (Figure 15 ), where the Hadley circulation appears only in global statistics (the thin gray line in Figure 15 ), except perhaps in the Indian sector during Northern Hemisphere summer (Figure 15b ) and in the Pacific during Southern Hemisphere summer (Figure 15a ). Elsewhere the numbers are smaller. In the Southern Hemisphere ( Figure 15a ) the Pacific region dominates the flux in Southern Hemisphere summer, consistent with flow into the tropics in this season. In the Northern Hemisphere (Figure 15b ) it is the Indian region which dominates the equatorward flux in the Northern Hemisphere into the tropics above the tropopause.
[38] Lagrangian trajectory analyses are consistent with the Eulerian flux analysis above. We have examined an extensive set trajectories for June to August 2002 driven by analyses from the National Centers for Environmental Prediction (NCEP) (K. P. Bowman, personal communication, 2004) . Trajectories over the South China Sea and the Philippines in the return flow of the Asian monsoon can reach the equator above the tropopause, having not crossed the tropical tropopause. This is consistent with return flow of the monsoon entering the tropics noted by Bannister et al. [2004] analyzed with GCM winds. It is also consistent with the trajectory analyses of Fueglistaler et al. [2004] using ECMWF analysis winds, which show that this region (as part of the ''western Pacific'') is responsible for a majority of the air entering the stratosphere in July and August. Thus flow around the tropical tropopause in the Asian monsoon is found regardless of the model or assimilation system used.
[39] Meridional ozone fluxes are similar to the water vapor fluxes described above. The only significant difference is a reversal of the ozone flux in the Northern Hemisphere below the tropopause, where the ozone flux is toward the equator in boreal winter, and the magnitude of the ozone flux into the tropics during boreal summer below the tropopause is more nearly equal between the monsoon circulations over the American and Indian sectors.
[40] A simple budget of July -September 2002 in the simulation driven by ECMWF winds indicates the importance of these different regions. The net vertical flux of water vapor over the Indian region (10°-30°N and 60°-150°E) from July -September is 75% of the total net tropical (±30) flux of water vapor at 95 hPa, and 54% at 66 hPa. The region represents approximately 8% of the area of the tropics. The vertical flux of water vapor over North America (10°-30°N and 240°-330°E) is 7% of the total tropical upward flux at 95 hPa, and 18% at 66 hPa. While simulated water vapor (Figure 2 ) is higher than observed water vapor (Figure 1) , the gradients are similar and the maximum over south Asia is $20% larger in both, thus the ratio of regional fluxes to total is probably a better statistic here than absolute magnitudes. These ratios are similar to simulations by Bannister et al. [2004] , who indicate that at least 25% of the water vapor concentration at 30 hPa comes from the Asian monsoon, though they use a smaller area (6% of the tropics), and the numbers are not directly comparable (one is a flux, and the other is a concentration). The monsoon transport over Asia dominates the simulated upward tropical flux well into the stratosphere, though the fluxes are more zonally symmetric at 66 hPa. Ozone fluxes are net downward in this region and are not as good a tracer of vertical transport.
[41] Examination of model fluxes over the 22-year model run indicates large interannual variability of water vapor and ozone fluxes in July -September. Given 22 realizations of the boreal summer flux, there is no trend that is significantly different from the large interannual variability. This does not preclude the possibility that changes in the monsoon can contribute to water vapor trends, since the model may not properly represent the intraseasonal variability of the monsoon.
[42] The conceptual framework for stratosphere-troposphere exchange in the tropics starts with large regions of cloud-scale convection. This convection locally mixes air and humidity across potential temperature (isentropic) surfaces. The mixing may be well off the equator. Large-scale motions subsequently redistribute the moist air across the tropics, and the air may rise to higher potential temperature surfaces through heating in the course of these circulations, spiraling upward. Some of these isentropic surfaces may lie above the cold point tropopause. The large-scale circulation itself is strongly affected by the distribution of convective heating [Gill, 1980] . The framework is well illustrated in Figure 16b , showing the July climatological (from NCEP/ NCAR reanalyses) wind and divergence (shaded) at 150 hPa. The anticyclone over Asia entrains air rising from below (divergence at upper levels is associated with upward motions), circulates it around the anticyclone, and it may enter the tropics at higher levels, where there is still divergence up to 70 hPa on the return flow into the tropics (Figure 16a ). The American monsoon is not as large a feature, and not as isolated, the climatological wind pattern matching well the ridging in the ozone distribution in Figures 1 and 2 . It is also important to note that the moist Hadley and Walker circulations which dominate the divergence at 150 hPa (Figure 16b ) do not penetrate strongly into the stratosphere (Figure 16a ), but that the rotational circulations of the monsoon anticyclones do penetrate the stratosphere, and can cause mixing of moist air back into the tropics.
Conclusions
[43] The simulations using MOZART forced with ECMWF winds for the period of the CRYSTAL-FACE observations indicate that the MOZART CTM is good at representing observed transport events. The high ozone observed up to 400 K during the 9 July 2002 flight of the WB57 appears to come from high latitudes, as indicated in previous analysis [Richard et al., 2003] . The higher water vapor also observed in this air mass appears to have a highlatitude convective origin in the simulations, as postulated by Ray et al. [2004] . This is in addition to model vertical fluxes with appear to loft air well above the tropopause in midlatitudes.
[44] This feature appears to be present in the simulated climatology of ozone and water vapor in the summertime lowermost stratosphere. A climatology of ozone and water vapor from a long CTM run agrees well with the observed satellite climatology. This is true over North America, as well as over south Asia, where in situ observations of water vapor and ozone are not available. The differences in water vapor and ozone between these regions are due to largescale transport and the difference between the monsoon circulations.
[45] The North American monsoon is smaller, does not reach well into the stratosphere, and is not an isolated circulation, but rather appears to draw air up from the tropics on the west side, and from high latitudes on the east side. This circulation may entrain air from the highlatitude troposphere, even near the surface, and loft it into the subtropical lower stratosphere. However, there is little evidence of this air crossing into the deep tropics (equatorward of 10°N) in the simulation over North America, in a time series of plots similar to Figure 8 , which corroborates the limited meridional flux into the tropics in Figure 14 , Figure 16 . July mean vector wind (arrows) and divergence in 1 Â 10 À6 s À1 for (a) 70 hPa and (b) 150 hPa. Data are from NCEP/NCAR reanalyses [Kalnay et al., 1996] . except in September. Over south Asia the core of the monsoon anticyclone is more isolated, but leads to large equatorward meridional transport.
[46] Given the fidelity of the model for these specific and climatological events, we use detailed fluxes to examine transport in the upper troposphere and lower stratosphere in regions beyond those observed during CRYSTAL-FACE. Simulated ozone fluxes are high relative to observations, but have an appropriate seasonal cycle. The seasonal cycle of water vapor fluxes in the lower stratosphere during Northern Hemisphere summer is vastly different from that during the winter season. Monsoon fluxes in the Northern Hemisphere play a major role in this planetary-scale circulation, which fits into a conceptual framework of how air enters the stratosphere in boreal summer.
[47] The Indian region (including the equatorward branch of the Asian monsoon anticyclone over the western Pacific) outside of the deep tropics is responsible for nearly 3/4 of the net tropical upward flux of water vapor during JulySeptember at 95 hPa, and over half at 66 hPa in the simulation. The meridional fluxes also show significant transport of this air into the deep tropics, both below and above the tropopause. This transport into the tropics in the simulation appears to bypass the cold point tropopause, consistent with observed climatological flow. Observations of water vapor from HALOE do not show similar clear transport of air into the tropical lower stratosphere around the tropical tropopause. However, there may exist a dry bias in HALOE, especially below the tropopause, because HALOE cannot retrieve in the presence of clouds, and the Asian monsoon region is one of the regions with the highest frequency of convective clouds at and above the tropopause [Gettelman et al., 2002] .
[48] The results of the simulation indicate that monsoon air can bypass the tropical tropopause, and enter the stratosphere in the subtropics (10°-30°N in boreal summer). Some of this air enters the tropics above the tropopause, and can be lofted into the stratosphere. Observations do not clearly indicate this as a pathway for transport, but are of insufficient resolution to resolve this transport. Such a result, if confirmed, would indicate a pathway for water vapor to enter the stratosphere without passing through the region of cold tropical tropopause temperatures. This might have a significant impact on water vapor trends. Model simulations do not show any trends in the monsoon flux of water vapor in a 22-year simulation, but the interannual variability is high.
[49] Confirmation of this transport pathway with better observations should be possible in the near future with new satellite observations in the upper troposphere and lower stratosphere expected from the MLS and HIRDLS instruments on the Aura satellite. Additional validation with in situ observations over monsoon regions, particularly the Asian monsoon, may be critical for understanding the transport of humidity into the stratosphere.
